A competitive enzyme-linked immunosorbent assay (ELISA) was developed to detect hazelnut by using polyclonal antibodies generated against a protein extract of roasted hazelnut. No cross-reactivity was observed in tests against 39 commodities, including many common allergens, tree nuts, and legumes. Hazelnut protein standard solutions at 0.45 ng/mL [inhibition concentration (IC80) of the competitive test] were clearly identified by the ELISA. An extraction and quantification method was developed and optimized for chocolate, cookies, breakfast cereals, and ice cream, major food commodities likely to be cross-contaminated with undeclared hazelnut during food processing. No sample cleanup was required when extracts were diluted 10-fold. Recovery results were generated with blank matrixes spiked at 4 levels from 1 to 10 mg/g hazelnut protein. With the developed extraction and sample handling procedure, hazelnut proteins were recovered at 64-83% from chocolate and at 78-97% from other matrixes. A confirmatory technique was developed with sodium dodecyl sulfatepolyacrylamide gel electrophoresis and Western transfer. The developed methods were applied to a small market survey of chocolate products and allowed the identification of undeclared hazelnut in these products.
F ood allergies are the cause of many health problems among an increasing number of individuals. Although peanut allergy is reportedly the most prevalent in the Western population (1-3), affecting 1-2% of all individuals, tree nuts such as hazelnuts constitute another important source of allergies and affect a substantial part of the population. Koppelman et al. (4) reported an estimated prevalence of 0.1-0.5% of hazelnut allergy among Europeans. Holzhausser and Vieths (5) reviewed several reported cases of severe allergic reactions caused by hazelnut. One piece of chocolate containing 0.2% of undeclared hazelnut caused an asthmatic attack in an allergic patient, and severe laryngeal edema was caused by a small fragment of hazelnut in a teaspoon of breakfast Muesli.
Hazelnuts are used in a wide variety of confectionery food products because of their nutritive value and taste. The amount of hazelnut included in a recipe is even considered a mark of quality. Several products containing hazelnut, such as cookies, Muesli bars, and chocolate spreads are manufactured using production lines on which other products that do not contain hazelnut are also formulated. Cross-contact may therefore occur, leading to undeclared amounts of hazelnut in commercial products.
Analytical methods are required to monitor these products to minimize the risk to highly sensitive consumers and to enforce labeling regulations concerning allergens in food products. Of the various analytical techniques developed to detect and quantify hazelnut in foods, some were meant to be quality control systems to check for product adulteration in hazelnut-containing products. Immuno-electrodiffusion allowed the quantification of 1-15% hazelnut in food products (6) . A sandwich immunoassay recently detected hazelnut protein between 0.001 and 10% (5) and was applied with the corresponding extraction procedures to complex food matrixes, leading to recoveries of 67-132%. Koppelman et al. (4) reported a similar method that detected as little as 5 ng/mL hazelnut in solution, corresponding to 1 mg/g in food products.
This study describes a competitive enzyme-linked immunosorbent assay (ELISA) developed to detect and quantify undeclared hazelnut in processed food products. Newly generated hazelnut-specific polyclonal antibodies were characterized for their specificity to particular hazelnut proteins and for their selectivity to this commodity in comparison to other tree nuts and common allergenic proteins. An extraction procedure developed to be applied on major commodities of interest led to optimized recoveries in chocolate, cookies, ice cream, and breakfast cereals. The assay was later applied to chocolate samples collected as part of a small survey of commercial products and helped to identify undeclared hazelnut in foods. With a confirmation method based on electrophoretic techniques and Western transfer, hazelnut proteins were identified in samples screened positive by the ELISA. An interlaboratory validation of the ELISA methodology is under way in collaboration with the laboratories of the Canadian Food Inspection Agency prior to its implementation as an official testing methodology for monitoring undeclared hazelnut proteins in foods sold on the Canadian market. 
Experimental

Reagents and Supplies
Preparation of Hazelnut Protein Solutions
Roasted hazelnuts were obtained from a local store and chopped in a blender. The hazelnut was then defatted by washing several times with hexane, filtered, and air-dried at room temperature for 2 days. The defatted hazelnut was homogenized and extracted in PBS (10 g in 100 mL buffer). This extract was further dialyzed against PBS for 36 h, using dialysis tubing with 12 000-14 000 MW cut-off. The dialyzed extract was then centrifuged, and the supernatant was checked for protein concentration with the Bradford test. Hazelnut protein solutions set at 1 mg/mL were then combined with Freund's complete and incomplete adjuvant and used for immunization of animals (7). The dialyzed extracts were also used to generate standard hazelnut protein solutions. The Bradford test was performed in order to calibrate stock solutions of hazelnut proteins at 5 and 10 mg/mL. Aliquots of these solutions were stored at -20°C if not used immediately.
Immunization
Three rabbits were immunized against defatted roasted hazelnut protein extracts. Trial bleeds were regularly monitored by ELISA for their titer and the lowest inhibition concentration corresponding to antibody-antigen binding [inhibition concentration 50 (IC50)]. The ex-sanguination bleeds of Rabbit C82 gave the best results with a working antibody concentration of 1:35 000 allowing a final reading of the optical density (OD) of 1, after the substrate development step. The IgG fraction was obtained using affinity chromatography purification of the anti-serum according to a previously described protocol (8) . The obtained antibodies were also conjugated to horseradish peroxidase (HRP; 9).
Sample Preparation
Sample amounts of 10 g were weighed into 250 mL screw-top centrifuge tubes. Chocolate, cookies, and cereals were broken up into small pieces and ice cream was added as is. Extraction buffer was added to each sample at 100 mL/10 g. The extraction buffer consisted of a high salt (1M NaCl) buffer, incorporating 0.1M PBS, 0.1% (v/v) Tween and 0.5% (v/v) of Triton X-100. The cookie and cereal samples were homogenized in a polytron before the next step. The samples were shaken vigorously for 1 h in a heated water bath at 45°C. Chocolate and ice cream were allowed to melt and did not require sample homogenization. The rest of the extraction procedure was kept unchanged for all types of matrixes. Each sample was centrifuged at 3000 rpm for 5 min; the supernatant was then removed and centrifuged for 30 min at 20 000´g in a refrigerated centrifuge at 4°C. Finally, the extract was filtered through Whatman No. 1 filter paper, and refrigerated. Extracts remained stable for 7 days at 4°C or could be stored at -20°C for longer periods.
Immunoassay
The ELISA test is based on an indirect competitive configuration ( Figure 1) . A 100 mL volume of each standard or diluted sample was added to 100 mL hazelnut antiserum diluted at 1:3500 (10-fold more concentrated than the final antibody concentration on the plates) in BSA + buffer, in a glass culture tube. The tubes were capped and left incubating at 4°C for 1 h. An 800 mL volume of BSA + buffer was added to each solution, and mixed. The content of each tube was then transferred onto a 96-well plate (3 wells were each filled with 200 mL solution), already sensitized with water-dialyzed hazelnut protein extract, coated according to a previously described procedure (10) . The concentration of the coating solution was set at 0.5 mg/mL hazelnut protein. The plate was then shaken for 10 s, and the first incubation was maintained for 30 min at 4°C. Washing was done on a plate washer (5 cycles, 300 mL rinse, 8 s soak time) and 200 mL of 1/5000 diluted HRP-labeled second antibody was added to each well.
The second incubation was also maintained for 30 min at room temperature. Subsequently, the substrate (OPD) and H 2 O 2 were added. The color development was stopped after 30 min by adding 50 mL 2.5M H 2 SO 4 , and the ODs were read 10 min later at 492 nm with reference at 630 nm. The calibration curve consisted of the logit-log transformation of the relative OD response given by a blank and 7 concentrations (15.6, 7.8, 3.9, 1.9, 0.9, 0.5, and 0.25 ng/mL) hazelnut protein standard.
Sample extracts were diluted a minimum of 1/10 in BSA + buffer to eliminate matrix effects. If samples contained higher concentrations of hazelnut, then larger dilutions were used. For unknown samples, a series of dilutions were run. According to the test conditions, a sample containing 1 mg/g hazelnut would give a response equivalent to that of a hazelnut protein solution set at 1 ng/mL, as a final concentration on the plate.
The recovery study was performed by spiking blank matrixes with previously prepared solutions of standard hazelnut protein. The blank matrixes were chosen among marketed products with no nut warning and were checked for the absence of hazelnut by the developed ELISA (OD > IC80 of the assay with no dilution of extract). Bittersweet dark chocolate, milk chocolate, cookies, cereals, and chocolate ice cream were chosen as the matrixes of interest and were spiked at 4 levels of hazelnut protein (1, 2.5, 5, and 10 mg/g). These spiked samples were fortified at the solid state with a solution of hazelnut protein standard prepared from the previously calibrated stock hazelnut protein extract. After spiking, samples were left to soak for 5 min.
SDS-PAGE and Confirmation of Positive Chocolate Samples
A 1:1 ratio of standard protein or sample extract in Tris-glycine running buffer (25mM Tris base, 192nM glycine, 0.1% SDS) were mixed, and 20 mL of each solution was added to the minigel. The solutions to be added to 4-20% Tris-glycine minigel consisted of 5 mg PBS dialyzed hazelnut protein standard, a blank chocolate extract, and spiked chocolate samples (at a level corresponding to 10 mg/g hazelnut protein). A solution of 5 mg peanut protein extract was also tested under similar conditions. After addition of the samples and standards to the gel, 125 V were applied for 2.5 h. The gel was removed from the cassette and washed 3 times (10 min each) in deionized water. It was then placed in Gel Code Blue stain reagent for 1.5 h and destained in deionized water overnight and scanned for permanent record.
For each confirmation experiment, 2 gels were run simultaneously, one intended for a protein stain and the other for Western transfer. The second gel was blotted onto a nitrocellulose membrane under saturating conditions in a transfer buffer (12mM Tris base, 96mM glycine). Thirty volts were applied for 2 h; the membrane was then removed from the cell and placed in a blocking solution of 3% (w/v) skimmed milk and PBS. The blot was then placed in a solution of an HRP-labeled hazelnut antibody (diluted 1/10 000 with blocking solution) and incubated for 1 h at room temperature. strate until the bands of proteins appeared (ca 30 min). The staining was stopped by placing the blot in deionized water for 15 min; it was then dried and scanned for permanent record.
Results and Discussion
The sensitivity of the indirect immunoassay was optimized by varying the nature and concentration of the coated hazelnut protein and altering the assay conditions at the first preincubation stage (Figure 1 ). Results were better when antibodies with free analytes, in standard or sample extracts, were preincubated in small volumes of more concentrated antibody solutions before transfer to the plate. Lowering the concentration of the coating hazelnut extract resulted in an improved sensitivity of the assay, as reported previously (7, 11) . The optimum sensitivity was reached with a water-dialyzed hazelnut extract set at 0.5 mg/mL in coating buffer. Under optimum conditions of use, the IC50 of the ELISA was 2.2 ng/mL (concentration of hazelnut inhibiting 50% of the antibody binding on the plate). Calibration curves performed with standard hazelnut protein solutions gave a linear range of 0.49-7.8 ng/mL (Figure 1) . The IC80 and IC90, considered respectively as the limit of quantitation (LOQ) and limit of detection (LOD) of the assay could be evaluated at 0.45 ng/mL (equivalent to 0.45 mg/g hazelnut protein in the solid matrix) and 0.25 ng/mL (equivalent to 0.25 mg/g), respectively.
Thirty-nine commodities, including common legumes, tree nuts, and other food ingredients, were tested for cross-reactivity by preparing protein extracts in PBS. All commodities (Table 1) showed no cross-reactivity at £1 mg/mL of their buffer-soluble fraction versus the Bradford test, thus demonstrating the selectivity of the hazelnut-specific antibody.
Chocolate is the major food commodity of concern for possible inadvertent cross-contamination, because of the wide variety of nut-containing formulations. A high salt (1M NaCl) buffer, incorporating 0.1M PBS and 0.1% Tween 20, was used to extract hazelnut protein from foodstuff. A blank chocolate matrix was necessary to generate the recovery data and to test the efficiency of the extraction procedure. A 100 mL volume of extraction buffer was used to extract a 10 g sample; 0.5% Triton X-100 in the extraction buffer and shaking the samples in a heated water bath (45°C) for 1 h helped improve reproducibility and consistency of recovery results. Some blank chocolate extracts showed nonspecific inhibition of the maximum OD with no evidence of hazelnut, particularly in some brands of milk chocolate. A dilution of the extract 1/10 in BSA + buffer overcame this matrix effect. Spikes realized on blank chocolate (1, 2.5, 5, and 10 mg/g) and extracted with optimized buffer, gave recoveries between 63.8 and 83.4% with coefficients of variation of 6-11% (Table 2) . There was no distinct difference between the behavior of milk or dark chocolate with the 1/10 dilution of extracts in BSA + buffer. Recoveries obtained with both dark and milk chocolate at the spiking levels investigated averaged 73%. The LOD of the assay was statistically determined for chocolate by a Student's t-test. The results of 5 spiked chocolate at 0.25 and 0.5 mg/g were compared with those of blank chocolate extracts. The 0.5 mg/g (ppm) spike was clearly distinguished from the blank with 99% confidence, whereas the 0.25 mg/g spike gave a 90% confidence. The LOQ was therefore considered equal to 0.5 mg/g hazelnut protein in chocolate, determined by this assay with no prior treatment of the extract.
The efficiency of the extraction procedure and the applicability of the assay was also checked on other matrixes of interest such as cookies, chocolate ice cream, and breakfast cereals. The optimized extraction buffer and sample handling procedure were kept unchanged and allowed to reach satisfactory results for all these matrixes. Average recoveries of hazelnut protein from cookies, chocolate ice cream, and breakfast cereals (Table 2) varied from 78 to 97% for spiking levels between 1 and 10 mg/g. An excellent day-to-day reproducibility was demonstrated when these spiked samples were run for 3 days. The result of each day corresponded to the average recovery obtained for 3 extracts performed on the same day for each spiked sample.
The results of a limited survey of some commercial chocolates are shown in Table 3 . Undeclared hazelnut was quantified by the same extraction and dilution procedures and led to identification of a range of levels of cross-contact, varying from 4 mg/g to about 0.3% of undeclared hazelnut protein in chocolate (Table 3) .
One of the major issues of the detection and quantification of potential allergens in foods is reliability and reduction of false positives caused by matrix effects. Confirmation methodologies are therefore required to complement ELISA results. In this study, SDS-PAGE coupled with Western transfer was used for confirmation purposes. HRP-labeled hazelnut antibodies were used for recognition of separated protein fragments blotted on nitrocellulose.
Hirschwehr et al. (12) reported that the main allergens to be encountered in hazelnut include an 18 kDa allergen, related to Cor a1, the major hazel pollen allergen. Koppelman et al. (4) identified several hazelnut proteins, giving a high binding to immunoglobulin E (IgE) from hazelnut-sensitive individuals: 25 kDa (doublet), 37 kDa (doublet), and 55 kDa.
Our hazelnut-specific antibody featured a strong binding to 2 particular groups of hazelnut proteins, which are clearly identified between 42 and 60 kDa. These proteins were also clearly visible in extracts of chocolate samples HZ-01 and SV-11, the most contaminated samples quantified by ELISA (Figure 2 ). Sample HZ-02 showed a smaller indication of these 2 protein markers. This technique demonstrated positives and confirmed the specificity of the ELISA. However, the development of an independent technique from immunochemical-based methodologies giving a higher sensitivity will be necessary for confirmation of trace amounts. Capillary electrophoresis coupled to mass spectrometry offers a perspective for this purpose and may complement the ELISA for determining and quantifying potential allergens in foods.
The methodology described in this report and, in particular, the competitive ELISA method, is currently being validated under an interlaboratory trial prior to its use for testing of products on the Canadian market that are likely to contain undeclared hazelnut proteins. 
